Retrograde tracers were injected into middle suprasylvian (MS) cortex of two groups of experimental adult cats that had incurred removal of visual areas 17 and 18 on either the day of birth (PI), or at 1 month of age (P28). Tracers were also injected into the same region of intact and adult ablated control cats. The locations and numbers of labeled neurons in the experimental and control groups were compared. Following lesions on P1, but at no other age, increased numbers of neurons projected to MS cortex. Virtually all of the additional neurons were located in the superficial layers of the ventral posterior suprasylvian (vPS) cortex. These results demonstrated that (1) neurons with ipsilateral transcortical axons have the potential to reconfigure their projections after early, localized cortical damage elsewhere in the cortex of the same hemisphere; (2) this reconfiguration involves expansion of specific projections and is not a generalized capacity of all cortical neurons; (3) the expansion is modality specific; and, finally, (4) the ability of cortical neurons to reorganize projections is limited in time. The expanded projection from vPS to MS cortex may contribute to neuronal compensations and the sparing of visually guided behaviors previously demonstrated in cats with neonatal visual cortex damage, and is a testament to the latent capacities immature cerebral cortical neurons possess to establish new projections following restricted damage to the cerebral cortex early in life.
The developing brain has remarkable flexibility to alter connections following lesions or after modified sensory experience. This flexibility is epitomized by the ability of neurons in subcortical visual pathways of cats to reorganize connections following lesions of primary visual cortical areas 17 and 18 (Kalil et al., 1991; Lomber et al., 1995) or following manipulations of the eyes, which modify the balance of visual signals reaching the visual cortex (Shatz et al., 1977; Shatz and Stryker, 1978; Antonini and Stryker, 1993) . This property of the developing brain appears to be universal because rewiring after similar insults to the visual system has been described for a variety of other species, including humans (LeVay et al., 1980; Swindale et al., 1981; Horton and Stryker, 1993) . However, one feature of brain plasticity that is singularly absent from the literature is evidence demonstrating that ipsilateral corticocortical fibers are capable of altering their projections in response to similar types of experimental manipulations. It may be expected that such projections have a latent flexibility selecting targets for final innervation because early in cerebral cortical development many neurons extend axons into regions of cortex that are never innervated in the mature brain (Clarke and Innocenti, 1986; Dehay et al., 1988; Payne et al., 1988b) . Moreover, cortical neurons forming projections to the opposite hemisphere and to subcortical structures can establish novel patterns of innervation following early but not late lesions of immature cortex (Goldman-Rakic, 1981; Sun et al., 1994) . On these grounds, we decided to investigate whether cortical neurons have a latent flexibility to establish permanent projections to novel sites in the same hemisphere by examining the origin of cortical projections into cat middle suprasylvian cortex (MS) following lesions of immature cortical areas 17 and 18. MS cortex was selected as a potential site for cortical reorganization following this early lesion because (1) there is anatomical reorganization of subcortical inputs to, and outputs from, the region (Kalil et al., 1991; Payne and Cornwell, 1994; Sun et al., 1994; Lomber et al., 1995) ; (2) there is a rewiring of local cortical circuits induced by selected neuron death (Payne et al., 1991) ; (3) MS neurons undergo a functional compensation (Spear et al., 1980; Guido et al., 1990) ; and, finally, (4) MS cortex contributes to the behavioral sparing of learned and reflexive visually guided behaviors after early removal of areas 17 and 18 (Cornwell et al., 1978 (Cornwell et al., , 1989 Shupert et al., 1993) . Similar rewiring, neuron death, functional compensation, and sparing of behaviors does not accompany lesions of areas 17 and 18 incurred in adulthood (Cornwell et al., 1978 (Cornwell et al., , 1980 Spear et al., 1980; Guido et al., 1990; Kalil et al., 1991; Payne et al., 1991; Shupert et al., 1993; Lomber et al., 1995) .
In addition to investigating the potential of the cortical visual system to adjust after the elimination of areas 17 and 18, it is also pertinent to obtain an estimate of the period during development when the pathways are capable of modification. It is known that there are differences in the anatomy and neural circuitry of adult cats that incurred lesions of primary visual cortical areas 17 and 18 on postnatal day one (PI) or P28. For instance, in cats with lesions incurred on P28, survival of |3 retinal ganglion cells is substantial (Payne et al., 1992; Callahan et al., 1984) , and the pathway expansions from the retina through the lateral geniculate nucleus (LGN) to MS cortex are considerably greater than those in adult cats that incurred equivalent lesions on PI (Kalil et al., 1991; Lomber et al., 1993 Lomber et al., , 1995 . Conversely, the projections from the extrageniculate thalamic nuclei to MS cortex (Lomber et al., 1995) and the cortical efferent projections from MS cortex to the superior colliculus (Sun et al., 1994) are greater after PI lesions than lesions incurred on P28. These differences are likely linked in important ways to the maturational status of the developing cortex (Payne et al., 1988a,b) , and it follows that the lesion-induced reconfiguring of ipsilateral transcortical projections may also differ following lesions of areas 17 and 18 incurred at PI versus P28.
We investigated this possibility after making lesions of areas 17 and 18 on either PI or P28, and then, when the cats were grown, by injecting MS cortex with retrograde tracers, counting all labeled neurons in the ipsilateral cortex, and assigning them to anatomically distinct regions remaining after the ablation. The resulting counts were then compared to counts made in the same regions in intact cats and cats that sustained ablations of areas 17 and 18 in adulthood. The regions we investigated included the dorsal and ventral portions of the posterior suprasylvian cortex (dPS and vPS), posterior and middle ectosylvian cortices (PE and ME), areas 7 and 5, several smaller visual areas (ALG, EVA), and numerous limbic sources. In brief, the results show that lesions of areas 17 and 18 on PI, but not on P28, result in a modification of the cortical inputs to area MS from ventral regions of posterior suprasylvian cortex, demonstrating a considerable capac-ity of cortical neurons to redirect projections following early damage of the cerebrum. These results have implications for increasing our understanding of the neuronal bases that underlie the sparing of behaviors following early cortical damage and provide important knowledge on a fundamental aspect of brain plasticity in general, and cerebral cortical plasticity in particular.
Preliminary results from this study have been presented earlier in abstract form (MacNeil et al., 1993) .
Materials and Methods
The origin of cortical inputs to MS cortex was assessed by studying 31 hemispheres in which MS cortex had been injected with retrograde pathway tracers. Nineteen hemispheres were deemed acceptable on a number of criteria, described in the Data Collection and Analysis section, and are assigned to groups in Table 1 . The animals and surgical and histological procedures used in this study are the same as those described in an earlier publication (Lomber et al., 1995) on the reconfigured thalamic projections to MS cortex. For reference, we provide a brief description of our methods.
Surgical Procedures
Areas 17 and 18 ( Fig. L4 ,fl) were removed by subpial aspiration from anesthetized adult cats (40 mg/kg sodium pentobarbital, i.p.) and kittens (3% Halothane in a gaseous mixture of 30% oxygen, 70% nitrous oxide) using antiseptic precautions. All lesions were bilateral with the exception of cat Ul, which incurred an unilateral removal of areas 17 and 18.
At least 8 months after the cortical lesions, and 1 to 4 weeks prior to the injection of pathway tracers, the corpus callosum was cut from its posterior border to A15 in a subset of animals (Table 2 , column 2). This procedure severed all visual interhemispheric fibers (Lomber et al., 1994) and permitted the same tracer to be injected into both hemispheres without worry of contaminating the contralateral hemisphere, thus doubling the amount of data we could gather from each cat.
To identify inputs to MS cortex, retrograde pathway tracers (5-10% WGA-HRP, 3-5% fast blue, 4-10% Fluorogold, or undiluted rhodamine-labeled latex microspheres) were injected at several robust, visually responsive sites between coronal levels A0 and A6 in MS cortex into adult cats (>10 months of age) and in cats at least 9 months after the time of the cortical ablation (Table 2, column 5). This time period was long enough for kittens to reach young adulthood and is considered long enough for all rewiring and neuronal degenerations to reach completion. Tracer injections (0.05-0.1 |xl, volumetric) were made at two depths (usually 2 and 4 mm deep to the surface) for each selected coronal level. The multiple injections insured that weak, patchy, or variable connections were exposed uniformly to the tracer.
Histological Preparation
Following 4-15 d for the transport of tracers, animals were given a large dose of sodium pentobarbital (s 50 mg/kg, i.p.) and perfused through the heart with saline followed by aldehyde fixatives. The fixed brains were blocked at A20, sectioned at a thickness of 52 |un in the coronal plane, and every fifth section was processed to reveal WGA-HRP (Olucha et al., 1985) or fluorescently tagged neurons as described by Lomber et al. (1995) . For both types of label, adjacent series of sections were stained for Nissl substance or cytochrome oxidase (Wong-Riley, 1979; Payne and Lomber, 1996) . Sections were examined using conventional light and dark field microscopy, or epifluorescence with ultraviolet (450-490/520 nm) and rhodamine (510-560/590 nm) filter sets.
Data Collection and Analysis
Ablation Assessment Size of area 17 and 18 ablations were assessed by analysis of coronal Nissl and cytochrome oxidase sections, and our current methods have been reported in some detail in earlier publications (Lomber et al., ,1995 . Briefly, the visual areas adjacent to the cortical defect were identified by architectonic criteria (Otsuka and Hassler, 1962; Sanides and Hoffmann, 1969; Heath and Jones, 1971) to identify spared portions of areas 17 and 18. The extent of the lesion was then Figure 1 . A, Dorsolateral (teft) and medial {right views of the left hemisphere of a cat brain illustrating the gyri and sulci. 77c* marks indicate Horsley-Clarke coronal level A20, at which the brains were blocked. B, The physiologically identified visual cortical areas of Tusa et al. (1981) , Updyke (1986), Kalia and Whitteridge (1973) , Olson and Graybiel (1987) , and Marcotte and Updyke (1982) . Arrowheads indicate cortical areas buried within the sulci: a, areas DLS (lateral) and VLS (medial), within the junction of the middle and posterior suprasylvian sulci (Tusa et al., 1981) ; b, area MU (Marcotte and Updyke, 1382), on the lateral bank of the lateral sulcus; and finally, c, area SVA on the upper bank of the fundus of the splenial sulcus (Kalia and Whitteridge, 1973) . C, Cortical regions referred to in this study. The blackened area represents a lesion of areas 17 and 18. Abbreviations in this figure and the others following, are given in Table 1. A.
B.

C.
charted onto a series of standard coronal sections derived from the mapping studies of Tusa et al. (1981) in order to express the extent of the lesion in visual coordinates. A second, independent measure of the lesion size was then obtained by identifying the regions of severe, moderate, and incomplete retrograde degeneration in the LGN and comparing these regions to the visual field maps in layers A and Al of the LGN compiled by Sanderson (1971). The two sets of coordinates denning the cortical ablation and complete degeneration in LGN -were then compared and differences reconciled.
Injection Assessment
An additional measure allowing us to compare the number of labeled neurons in each hemisphere involved assessing the volume of cortex exposed to tracer substance. Regions of cortex containing dense label surrounding the injection site were drawn in two dimensions onto paper and the areas determined by digitizing the outline using a computer aided design program. The total area was multiplied by 260 \LBI, the distance between sections, and a final estimate of the volume of MS cortex exposed to the tracer reached for that case.
Criteria for Defining Cortical Areas
The cortex was parceled into 14 cortical regions' (Fig. \C) Each case number represents one hemisphere from a cat In some instances both hemispheres of the cat were used and are represented as two separate case numbers. Thaiamic projections to MS cortex in these animals (except cases Ul and 16) have been reported previously (Lomber et al., 1995) , and the numbering of cases is identical to allow direct comparison of the results. Please note that the number of labeled neurons represents the number counted in one out of five 52 p.m sections through H-C coronal level A20.
• cc = corpus callosum sectioned cases.
• Horsley-Clarke anterior-posterior coronal levels.
borders for which there were neither reliable architectonic markers nor consistent anatomical landmarks available; for these areas, borders were denned by comparison with standard coronal sections (Tusa et al., 1981) . These last borders included 19/ALG, 19/7, dPS/7, 7/5, MS/7, ME/AUD, and ME/PE. As will be seen later, many of the areas forming these borders send only weak projections to MS cortex, and any potential errors made in assigning borders of these areas are unimportant compared to the striking expansion in projections from vPS.
Data Collection and Analysis
The inputs to MS cortex were sampled by counting retrogradely labeled neurons in every fifth 52 mm thick section through the brain in hemispheres meeting inclusion criteria, and their positions were charted onto outlined drawings of the sections. The counts were made by one investigator to insure that the sampling procedure was the same for all cases. These values were converted to relative proportions of the total input to MS cortex from posterior cortical regions outside areas 17 and 18, by dividing the number of labeled neurons in a particular area, by the total number of cells labeled in the cortex for that hemisphere that were outside areas 17 and 18. 2 This manipulation allowed direct comparison of data from intact cats Cnow referred to as "theoretical lesion" cats), with that of the three lesion conditions. In addition, since the actual amount of area 19 that was removed varied from one cat to another, it was necessary to standardize the data further within and among groups by also excluding any labeled neurons in that area from the calculations. Finally, labeled cells in MS cortex were also excluded because it was impossible to know whether they were labeled as a result of a passive diffusion through the extracellular space or active axonal transport of label from the injection site.
In determining the effect of lesion and volume of cortex exposed to tracer on the number of labeled cells located in the cortex, an analysis of covariance (ANCOVA) was used. The data were pooled into 10 mm 3 classes to assure adequate sample sizes for the analysis and then individual, two-tailed t tests were used to determine significant differences among lesion types. A two-way analysis of variance (ANOVA) was used to determine the effect of lesion type and cortical area measured, in the size of the projection seen. Post hoc unpaired t tests were performed to localize regions of cortex showing signif-icant differences in their percentage inputs to MS cortex when compared to theoretical values.
Results
Lesion Size and Cortical Injections
Prior to analyzing inputs to MS cortex, cases not meeting the following criteria were excluded from the study: (1) the cortical ablation must have induced degeneration of at least 80% of the A-layers in the ipsilateral LGN; (2) the tracer must have exposed all six cortical layers without spreading to the lateral bank of the MS sulcus; and, finally, (3) the glass pipette used to inject tracer did not damage any fibers of passage in the white matter beneath MS cortex. Exclusion of cases was done solely to insure that all hemispheres had equivalent lesions and injection sites. The low within-group variability among the thaiamic projections to MS cortex confirmed the homogeneity of the sample (see Figs. 13, 14 in Lomber et al., 1995) . Detailed lesion reconstructions for these cases have already been given in a previous publication (see Fig. 2 in Lomber et al., 1995) , but examples of typical lesions and injection sites are illustrated in Figures 2 and 3 , and details are summarized in columns 2, 4, 5, and 6 of Table 2 .
As can be seen in Table 2 (columns 9 and 10), there was a large variation in the amount of cortex exposed to tracers and a corresponding variation in the numbers of cells labeled in each hemisphere. This variability precluded using the counted numbers of labeled neurons for analysis, and, instead, we relied on proportions. We recognize that the reliance on proportions is not without its drawbacks. Overall increases or decreases in the size of projections to MS cortex are impossible to detect and we must confine our results to relative changes. Even so, we were able to show that greater total numbers of cells were labeled in the PI group compared to intact and other lesion conditions. 
Qualitative and Quantitative Comparisons
One of the cats used in this study received a unilateral lesion of areas 17 and 18 on the day of birth. This cat was unique because all procedures, including the amount and sites of tracer injections in each hemisphere, were as alike as possible, allowing us to make observations that could be supported by the numbers of counted neurons. The tracer injections in this animal resulted in dense clusters of labeled neurons at a number of discrete sites throughout the two hemispheres and are illustrated in Figure 4 . In the intact, left hemisphere, 12,641 neurons were labeled and most were located in the dorsal and lateral visual areas, with many fewer labeled neurons in ventral area vPS (Tig. 4). In contrast, 17,003 neurons were labeled in the right lesioned hemisphere, a number more than 30% greater than the opposite hemisphere, and most of the increase could be accounted for by the large numbers of labeled neurons in area vPS (Figs. 4, 5) . Furthermore, within this area, many labeled neurons were located in both the superficial and the deep layers of the PI lesion hemisphere (see marked inset in Fig. 4, level d ). This pattern of rewiring was confirmed by injecting MS cortex in a number of animals who received bilateral lesions of areas 17 and 18 at PI, and comparing them to normal cats with equivalent injections. Additional animals, which received lesions either on P28 or in adulthood, were also studied to obtain an estimate of the length of the postnatal period when transcortical projections could be modified by lesions of areas 17 and 18. Plots of labeled neurons illustrating the different patterns of input to MS cortex from each of the four groups are illustrated in Figure 6 . Injection of retrograde tracers into MS cortex of intact hemispheres labeled neurons primarily in areas 17,18, and 19, with fewer cells in areas dPS and ME and only small numbers in area vPS (Fig. 6, left column) . In the hemispheres from P180 and P28 cats, patterns outside the ablated areas 17, 18, and 19, are largely similar to those observed in intact cats. In contrast, lesions incurred on PI resulted in a substantial increase in the numbers of labeled neurons in vPS cortex (Fig. 6, right column) The numbers of labeled neurons were counted and assigned to areas for each group of cats and differences identified.
Number of Labeled Cells
Since the numbers of neurons labeled in a given hemisphere varied with the use of different tracers, it was not possible to determine directly whether lesion condition influenced the total numbers of cells labeled in cortex from a tracer deposit in MS cortex. To control for this aspect of the study, we correlated the numbers of labeled neurons with similarly sized tracer deposit sites to look at differences in labeling among the lesion conditions. An analysis of covariance was performed to test the effects of lesion condition and volume of cortex exposed to soluble tracers (WGA-HRP, Fluorogold and fast blue) on the number of cells labeled in the cortex. While the small sample size prevented us from controlling explicitly for transport time and tracer type in the analysis, previous results obtained on thalamic inputs to MS cortex indicated that transport times between 4 and 15 d do not influence the number of neurons labeled, provided that the tracer exposed a minimum amount of cortex (Lomber et al., 1995) . The current results show that lesion condition [F(2,5) = 12.0, p < 0.01] and volume of cortex exposed to tracer [.F(l,5) = 18.5, p < 0.01] both affect the number of cells labeled in a given hemisphere. For PI and intact conditions, the number of labeled cells appears to be proportional to the volume of cortex exposed to the tracer (Fig. 1A) . Furthermore, individual two-tailed t tests revealed that the number of cells labeled for a given volume were always larger in PI hemispheres when compared to the intact group (t = -2.67,p < 0.05). Intact and P28 conditions were not significantly different from each other (p > 0.05), and P180 cases were not included in these analyses because only one hemisphere had been injected with a soluble tracer. Figure IBi shows that in intact cats, 20% of the cortical input to MS cortex was derived from area 17, 38% from area 18, d. e. 20% from area 19, and lesser amounts from more lateral areas (dPS, 10 ± 3%; vPS, 6 ± 3%). In addition, there were minor inputs from a constellation of other areas such as areas 7, EVA, 5, auditory cortex (AUD), ALG, and a group of limbic regions (LIM; 6% combined). These findings are consistent with others (Symonds and Rosenquist, 1984a; Dreher, 1986; Sherk, 1986) . As can be deduced from the modest to small standard error bars shown in Figure IBi , these projections are moderately consistent among cats. When areas 17, 18, and 19 are eliminated from the calculation to create a cortex with a "theoretical lesion," the largest fraction of labeled neurons are lo-cated in area dPS (53 ± SE 13%), with a more modest portion in areas vPS (22 ± 6%) and ME (16 ± 8%) and virtually insignificant numbers in the constellation of other areas and the combined limbic regions. These fractions are relatively consistent among hemispheres (Fig. IBii) .
Areal Distribution of Labeled Neurons
Proportions for the cats that incurred lesions in adulthood and P28 are largely similar to those calculated for the theoretical lesion, in that the most significant numbers of labeled neurons are located in dPS, vPS, and ME cortices, with much smaller fractions scattered throughout the remaining areas. The apparent decrease in the fraction of labeled neurons in . I Figure 5 . Histogram of the number of labeled cells located in each cortical region counted in every fifth coronal section from the caudal pole through Horsley-Clarke level A20 of cat U1. Abbreviations are given in Table 1 . Stipple, intact hemisphere; black, PI hemisphere.
17 18 19 dPS vPS PE ME 7 5 ALG EVAAUD LIM area dPS and corresponding increase in the number in area 7 in some of the P28 cats, was not significantly different from the proportion of neurons in these areas projecting to MS cortex in the intact or lesion hemispheres. However, we observed that there were two very distinct groups of animals within the P28 condition. Several animals had very large inputs to MS cortex from area 7 (e.g., > 50% of the total cortical input), while the others had only a minor area 7 contribution to MS cortex (e.g., < 5% of the total cortical input). The exact reason for this result is obscure, but we offer two explanations: (1) differences could reflect variation in the location of injections or size of cortical lesions among animals, and (2) the variability we identified may reflect the end of the temporal window at about P28 for the expansion of projections from area 7 to MS. For instance, in some animals, the lesion of areas 17 and 18 was made just inside this window, whereas in other animals it was just outside. Considering that we confined all injections to MS cortex, and confirmed that the lesion sizes were equivalent, the high degree of variability seen in the P28 animals in the projection from area 7 to MS cortex is likely to be an interaction of the effect of the cortical lesion on the development of area 7 projections, but more animals need to be studied to confirm this hypothesis. Following lesions of areas 17 and 18 incurred on PI, the distribution of labeled neurons differs from all of the results described above. In the PI cats, the largest numbers of labeled neurons are in area vPS (45 ± SE 4.5%) with more moderate numbers in areas ME (23 ± 5.0%) and dPS (14 ± 5.4%). Smaller numbers are present in the remaining areas PE (3 ± 2.4%), 7 (2 ± 1.6%), 5 (5 ± 4.6%), ALG (1 ± 1.1%), EVA (1 ± 0.6%), AUD (4 ± 3.2%), and LIM (1 ± 0.5%). Moreover, the variability among hemispheres was relatively modest. Overall, the relative numbers of neurons labeled in the different areas matches that described for the cat with the unilateral lesion of areas 17 and 18.
A two-way ANOVA for unpaired groups was performed comparing the influence of the lesion condition [theoretical lesion (intact), PI, P28, or P180] and cortical area examined, with the percentage of cells labeled. The F-test value was significant for the cortical area [F(9,13O) = 15.43,p < 0.0001] and for the interaction between the lesion condition and cortical area [F(27,15O) = 3.15,/> < 0.0005]. A t test revealed that the projections from areas vPS and dPS in the PI animals were significantly different from those of the theoretically lesioned intact cats (p < 0.02 and/> < 0.03, respectively) and the P180 cats (p < 0.01 and p < 0.02, respectively). Additionally, the projection from area vPS in the PI cats was significantly larger than that in the P28 animals (p < 0.01). There were no significant differences between any of the other condition combinations.
Laminar Distribution of Labeled Neurons
The proportion of neurons in the different cortical laminae of vPS cortex in cats with PI lesions of areas 17 and 18 differ from those in intact cats. In intact cats, neurons in area vPS that project to MS cortex are located predominantly in layers IV, V, and VI (94%) with very few in superficial layers n and HI (Fig. 8) . These values concur with the figures given by Symonds and Rosenquist (1984b) . In contrast, in cats with lesions of areas 17 and 18 incurred on PI, almost two-thirds (63%) of the labeled neurons are located in supragranular layers n and m, and show an increase in projection of the superficial layers more than 20 times greater than from equivalent layers of intact cats (Fig. 8 ). Since there are virtually normal numbers of neurons labeled in layers IV-VF of PI lesion hemispheres, we conclude that virtually every neuron labeled in layers n and in contributes to the expanded projection from area vPS to MS cortex, with little additional participation of middle and deep layer neurons (Fig. 8) .
Discussion
Our findings are summarized in Figure 9 , and four major conclusions can be reached concerning the response of cortical neurons to restricted damage elsewhere in the same immature cerebral hemisphere.
(1) Neurons in vPS cortex with transcortical axons have a substantial potential to reconfigure their projections to innervate the ipsilateral MS cortex after early, localized damage of areas 17 and 18.
(2) The reconfiguration primarily involves expansion of projections from superficial layer neurons and is not a generalized capacity of neurons in all cortical layers.
(3) The ability of vPS neurons to redirect projections is limited in time; it follows lesions of areas 17 and 18 incurred on PI but not following lesions incurred on P28 or later in life.
(4) The reconfiguration is modality specific. The expanded projections to MS cortex, a visual region, arose only from vPS cortex, another visual region.
Intact P180 e. 17 Figure 6 . Series of coronal sections through the left hemisphere of cats 14, A3, K1, and N6, which received injections of 4-10% Ruorogold at several sites between H-C levels A2-A6. These particular cases were selected because they all had large cortical volumes exposed to tracer (38-63 mm 3 ). The dorsal views of the standard hemispheres show the coronal levels of the illustrated sections and the lesion reconstructions. Each black dot represents one labeled neuron from an injection into MS cortex. Hatching equals injection site. Scale bar at bottom left is equal to 5 mm and applies to all illustrated sections.
General Comments and Mechanisms
To our knowledge, this is the first study to demonstrate an expansion of ipsilateral transcortical projections following localized damage of a part of the immature cerebral cortex. However, our results are not completely in isolation because restricted lesions of immature cortices induce expansions in monkey corticostriatal, prefrontal-callosal, and temporal-amygdaloid (Goldman, 1978; Goldman-Rakic, 1981; Webster et al., 1991) , and cat corticorubral and corticocollicular (Murakami and Higashi, 1988; Sun et al., 1994) ing early hemispherectomy (Gomez-Pinilla et al., 1986; Villablanca and Gomez-Pinilla, 1987) . In all of these systems, anterograde tracing methods have demonstrated an expansion of a pathway into target regions partially deafferented by the lesion. While expansion of the transcortical projections into a partially deafferented MS cortex also characterizes the present study, the factor distinguishing our study from the foregoing ones is that we show the expansion is brought about by an increase in numbers of neurons comprising the projection system. In particular, we have demonstrated expanded corticocortical projections from area vPS to MS cortex in re-sponse to early removal of areas 17 and 18. Additional expansions were not observed originating from other visual areas or from nonvisual cortical regions. Given the widespread exuberant outgrowth of axons from cortical neurons (Clarke and Innocenti, 1986; Payne et al., 1988a; Dehay et al., 1988; Innocenti, 1991) , and the fact that large numbers of immature neurons have axons in the vicinity of MS cortex when areas 17 and 18 are removed (Cornwell et al., 1984) , it would seem likely that axons from many diverse cortical areas should have considerable potential to innervate MS cortex. But this is not the case. Only visual cortical Figure 7 . A, Plots of the number of labeled cells in the cortex versus the amount of MS cortex exposed to the soluble retrograde tracers. Lines of best fit were drawn though the points of PI and intact cases to help illustrate the trend in the data. In general, for any given sized injection site, more neurons projected to MS cortex after a lesion on PI than in intact animals, or after lesions on P28. P180 cats were not included in this graph, because only one case had been injected with a soluble tracer. B, Histograms of the mean percent (± SE) of cortical neurons projecting to MS cortex from different cortical regions for intact cats (/) and for three actual and one theoretical lesion conditions (//). Significant differences, p < 0.05. 1989, 1994; Kato et al., 1991; Barone et al., 1995) . As a population, large numbers of superficial layer neurons in newborn cats and monkeys both project heavily to individual target regions and to many regions simultaneously. As a result, the retrograde tracer injections made into one regio'n labels broad bands of neurons in a number of input regions. A second tracer injection in another site may result in a similar broad pattern of labeling that is largely coextensive with the distribution of label injected in the first region (Kennedy et al., 1994; Barone et al., 1995) . During the following month the projection patterns are reshaped and many of the original projections are eliminated (Kennedy et al., 1989; Kato et al., 1991; Barone et al., 1995) . As a result, identical injections of the tracers made at 1 month of age or later result in patchy patterns of labeling, where there is little or no overlap between adjacent patches and few neurons are double labeled. Likewise, deep layer neurons also expand and then retract axons, but the process is retarded compared to the upper layer neurons. The deep layer axon growth to targets occurs contemporaneously with the withdrawal of axons arising from superficial layer neurons (Kennedy et al., 1994; Barone et al., 1995) . Since we know that neurons in vPS cortex project into MS cortex shortly after birth (Cornwell et al., 1984) , it may be conceivable that the substantial expansions from vPS cortex following lesions of areas 17 and 18 incurred on PI are projections normally withdrawn earty in development
A. NUMBER OF LABELED CELLS
B. Theoretical lesion, P180 & P28
C. P1 Figure 9 . A summary of the magnitude of cortical pathways from into MS cortex in intact cats (A), in "theoretical lesion," P180 and P28 cats (fi), and in cats with lesions incurred at PI (Q. Note that the highly variable projection from area 7 to MS cortex for P28 animals has been omitted. The width of arrows represents the relative strength of each cortical input In all cases, inputs from limbic sources were small (< 5%), and are not illustrated.
( Payne et al., 1988a; Kennedy et al., 1989 Kennedy et al., , 1994 Kato et al., 1991; Barone et al., 1995) . The observations made in cats that incurred lesions of areas 17 and 18 are comparable with this suggestion since transiently projecting axons are largely eliminated by the end of the first postnatal month (Clarke and Innocenti, 1986; Payne et al., 1988a; Kato et al., 1991; Kennedy et al., 1994) , thus providing no possibility of lesions of areas 17 and 18 inducing the stabilization of transient projections from vPS to MS cortex. Other mechanisms, aside from the stabilization of exuberant projections from vPS cortex to MS cortex, may also contribute to the expansion we describe and include (1) the rerouting into MS cortex of vPS axons normally destined for other targets; (2) the increased branching of vPS axon arbors to include MS cortex; or (3) the greater efficiency of cells to take up and transport the tracers. It is not known how much LGN. A, In intact cats, pathways through the LGN and areas 17 and 18 relay virtually all X and most Y signals to MS cortex. W and Y signals also reach MS cortex via bypass pathways through the C-complex and MIN and via the SC and LPm, either directly or via vPS. B, After removal of areas 17 and 18 at P180, the dense retinal projections to the subcortical nuclei are maintained, but the removal of areas 17 and 18 disconnects MS cortex from the LGN and transcorrjcal relay of X and many Y signals. W signals and some Y signals reach MS cortex via the bypass pathways through the each of these factors contributes to the pathway expansion. However, a comment on the final possibility is in order. This possibility presupposes that many cells with transcortical projections are not normally labeled sufficiently well in the intact brain for the label to be detected, and it is only when axon arbors increase above a certain size, or the number of terminals increase above a certain number in the region exposed to retrograde tracers that sufficient amounts of label can be picked up and transported back to label the parent cell body. We consider this a prominent factor, but data to accept or refute the suggestion are not available. Even so, we consider it to contribute to the increased labeling of vPS neurons, and, regardless of the exact mechanism of the expansion, there is no doubt that the pathway from vPS cortex to MS cortex expands following lesions of areas 17 and 18 incurred on PI. Consequently, vPS cortex is likely to have a greater influence over neural activity in MS cortex.
Rewired Pathways, Physiological Compensations, and Spared Behaviors
The expansion of the projection from vPS cortex into MS cortex after removal of areas 17 and 18 on the day of birth complements other known pathway expansions to MS cortex following early lesions. Figure 10 summarizes the major result from the present study in the context of other visual pathways to MS cortex that expand following early lesions of areas 17 and 18. Equivalent lesions in adulthood eliminate the major visual pathway to MS cortex, leaving only pathways that bypass the damaged regions ( Fig. \OB; Rosenquist, 1985; Sherman, 1985; Lomber et al., 1995) . The net result is that many fewer visual signals reach MS cortex. Even though they are in sufficient numbers to ensure visual responsiveness (Cornwell et al., 1978) , the responses are abnormal and sluggish (Spear et al., 1980; Guido et al., 1990) .
In contrast, following lesions of areas 17 and 18 on PI, a set of expanded circuits emerge that are the conduits for the transmission of W and Y visual signals to MS cortex (Fig. IOC) . These expansions include increased retinal projections to the C-complex of the LGN and MIN (Payne et al., 1984; Lomber et al., 1993) and increased projections from the C-complex and MIN to MS cortex (Kalil et al., 1991; Lomber et al., 1995) . Similar expansions occur in P28 cats, but they are not represented in Figure 10 because of the absence of expansions in the transcortical projections. Moreover, in PI cats there is a massive expansion of projections from LPm to MS cortex (Lomber at al., 1995) and from area vPS to MS cortex (present study). Since LPm normally receives substantial projections from the superior colliculus (Abramson and Chalupa, 1988) and sends a major projection to area vPS (Cavada and Reinoso-Suarez, 1983; Raczkowski and Rosenquist, 1983) , the superior colliculus is implicated on two counts as a major component in the expanded pathways to MS cortex. Together, these expansions ensure the virtual normality of neuronal re-C and MIN complex and the SC. The fewer inputs to MS cortex results in diminished neuronal activity and abnormal receptive field properties of MS neurons. C, After removal of areas 17 and 18 on PI, retinal projections to the A laminae of the LGN are greatly reduced due to the death of 90% of the retinal p cells that encode X-signals. But retinal projections to the C-laminae expand, and there is a substantial expansion in the projection from the C-layers to MS cortex. Additionally, there is an even larger expansion projection from LPm and a massive increase in the numbers of cells in vPS that project to MS cortex. These pathway expansions increase W and Y signal transmission to MS cortex, which result in normal levels of neuronal activity and normal receptive field properties. Gray arrows represent either pathways in normal cats or pathways that have not been shown to expand following ablation of areas 17 and 18. Black arrows represent known cortical and subcortical pathway expansions. In both instances, width of arrows represent approximate relative strengths of the pathways. sponses of MS neurons in cats with PI lesions (Spear et al., 1980) . However, it is important to recognize that the physiological compensation in MS cortex occurs largely in the absence of X signals, which are virtually eliminated from the brain as a result of virtually complete degeneration of the magnocellular neurons in the LGN (Callahan et al., 1984; Payne et al., 1984; Tumosa et al., 1989; Lomber et al., 1993 Lomber et al., , 1995 and the vast majority of P retinal ganglion cells (Payne et al., 1984) . Even so, the expansions and the functional compensations in MS cortex (Spear et al., 1980) and the superior colliculus (Mendola and Payne, 1993) likely contribute greatly to the sparing of certain visually guided behaviors such as orienting to novel stimuli and optokinetic nystagmus, as well as some aspects of pattern vision (Cornwell et al., 1989; Shupert et al., 1993 )-Moreover, the expansions are a testament to the capacities of immature cortical neurons to establish permanent projections in novel regions following restricted damage to the cerebral mantle. Notes 1. In general, the extrastriate visual regions we demarcated are larger than those conventionally recognized since the mapping experiments of 1\isa et al. (1981) and Updyke (1986; Fig. IB,C) . This approach was intentional because there is considerable disagreement about which regions of extrastriate visual cortex compose distinct areas (see review by . Moreover, in cats with early lesions of areas 17 and 18, the rigorous identification of areas is difficult because the lesion kills selected extrastriate neurons, the cytoarchitecture is altered, and the resulting rewiring of connections alters receptive field properties and possibly visual field maps (Spear et al., 1980; Payne et al., 1991) . These lesion-induced modifications thus preclude the reliable use of architectonic and physiological mapping criteria to identify extrastriate regions even when the criteria are suitable for use in the intact brain. Finally, many of the regions we have chosen to use are identifiable in other species, thus attesting to their broad applicability (Sereno and Allman, 1991; Montero, 1993; .
2. The optimal way to compare projections would have been to standardize values against a single base area not known to change its cortical inputs to MS cortex after removal of areas 17 and 18. However, no such area or region exists.
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